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ABSTRACT 
This report is the preliminary result of a study program on the seismic 
dynamic response of the equipment and machinery systems including their 
suppo~ts and connections in industrial installations. The equipment and 
machinery encountered in industrial and non-nuclear facilities include 
a wide range and types of units. However, for the purposes of this report, 
one of the typical units (i.e. a pump and motor combination) is considered. 
The main problem regarding the earthquake response of the equipment 
systems is identified as the "interactions" of several structural and equip-
ment components in a dynamic envirqnment. A brief review of the design 
criteria, methods of analysis, and the related codes and standards for the 
equipment systems are presented. Several suggestions and recommendations 
concerning the earthquake resistant design of equipment systems are included at 
the end of the report. A more detailed study of the design of the indus-
trial equipment and machinery and the facilities housing them is in progress 
and the results will be presented in another report. 
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1. INTRODUCTION 
The investment in all kinds of structures such as buildings (commercial, 
residential, public), installations (industrial, commercial, utility) and 
other facilities in highly seismic regions in the United States is in excess 
of 15 billion dollars per year. Almost all of these structures have equip-
ment and machinery or both mounted in them and these represent a considerably 
large part of the total investment. For example it is a well known fact 
that, approximately 70 percent of the cost of an ordinary building is for 
equipment and nonstructural elements [1]. This percentage is certainly high-
er in industrial plants and facilities. 
Another important point is that, excluding a few areas, almost all 
parts of the United States can be considered as seismic regions differing 
only in the intensity and return period of recorded earthquakes. The earth-
quake damage incurred in structures and equipment, in terms of tangible cost, 
has been 300 million dollars in Alaska Earthquake and 500 million dollars 
in San Fernando earthquake [2]. Consequently, it is obvious that the cost 
of earthquake damage in terms of resources and also lives is enormous. 
Furthermor~, earthquake damage to equipment and machinery and structures in 
the so-called life-line systems may result in unacceptable consequences for 
a modern society [3]. 
In the past, attention in earthquake engineering has been directed 
mainly to the problems of earthquake resistant structures. As a result, a 
comprehensive seismic design criteria, codes and standards for equipment 
and industrial facilities as compared to nuclear pow~r plants, were not 
properly developed [4]. 
Industrial structures and their equipment systems are, in general, 
very much different than the nuclear power plants and their equipment and 
machinery. However, up to this date, excluding some very general design 
guidelines and recommendations in the national and local codes there is 
no established seismic design criteria and rules regarding these important 
structures and their expensive equipment. The limited amount of data and 
information available on the dynamic seismic response of equipment systems 
are scattered among several disciplines and areas. 
The objective of this paper is then to consider and review the current 
state-of-the-art for aseismic design of equipment and machinery systems in 
industrial installations and to present a systematic earthquake resistant 
design methodology for these systems. 
The equipment and machinery systems of interest are given in Fig. 1. 
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2. EQUIPMENT AND MACHINERY SYSTEMS 
2.1 Equipment and Machinery Systems, their Connections and Supports 
A large number of different types of equipment and machinery systems 
are used in industrial plants and other buildings for a variety of purposes. 
The usual equipment and machinery systems which can be found in industrial 
installations are either 
- attached to a building along several support points 
- attached to an independent foundation (or, in the case of several 
equipment in close proximity, to a common foundation) on the ground. 
The typiqal examples of the above equipment systems are circled and 
presented in Fig. 2a and 2b. 
It is important to recognize the fact that, fromadynamics point of 
view, a meaningful and functional assemblage of elements (or sybsystems, 
components, etc.) whether they are structural system or equipment system 
elements or both, create a "dynamic system" within an earthquake environ-
ment. Also, this assemblage behaves and responds under seismic excitation 
in a way that requires the treatment and-consideration of the entire 
assemblage as well as of the individual elements. [5,6,7,13]. 
Any structure, then, wiether it is an industrial installation or 
another type of building can be considered, from systems points of view, 
in terms of a combination of its components. In general, these components 
for typical industrial installations represented in Fig. 2a and 2b are 
defined as: 
1. Soil-Ground system 
2. Foundation system(s) 
3. Main structural system 
4. Nonstructural system(s) 
5. Equipment and machinery systems 
which are represented in a schematic manner in the systems diagram of Fig. 3. 
As pointed out earlier, under the ·_influence of the seismic ground 
motion the entire industrial structure with all its components of subsystems 
including the equipment and machinery systems can be considered to form a 
"Global Dynamic System" as shown in detail in a diagram in Fig. 4·and also Fig. 8. 
Any item of equipment and machinery of an industrial plant is joined 
to a member of the main structural system such as a beam or floor slab (or 
to a foundation as the case may be) by means of a system of connecting 
elements. A typical example and configuration of this is given in Fig. 2a 
and in more detail in Fig. 5. 
The equipment and machinery system of Fig. 5 (and also of the circled 
part of Fig. 2a) with the connecting elements and the structural member 
(or the foundation) to which it is attached forms a "Local Dynamic System" 
within the industrial building environment. This local dynamic system which 
interacts with the rest of the building is composed of the following 
components or subsystems: 
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1. Equipment and Machinery 
2. Equipment connections 
3. Connecting or supporting substructure 
4. Member of the main structural system (or, in the case of equip-
ment on the ground, equipment foundation and soil/ground). 
In addition to the above, some equipment systems include extra components 
such as constrained fluid or granular material. All the components of the 
interactive local dynamic system are shown in detail in Fig. 6. 
For the purposes of this report, the equipment system whose configura-
tion given in Fig. 5 will be assumed as one of the typical* systems en-
countered in industrial installations. The dynamic interactions of this 
and other equipment systems with the rest of the structure under seismic 
motion are considered next. 
2.2 Seismic Response of Equipment and Machinery and Equipment-Structure 
Interactions 
In order to achieve effective and safe seismic design of equipment 
systems and also of an industrial plant, the earthquake dynamic response 
of each individual equipment system must be known beforehand or be pre-
dicted with reasonable accuracy. The factors which contribute significant-
ly to the equipment response, performance and survival under seismic shock 
and motion may be summarized as follows: 
1. Nature and frequency content of earthquake ground motion. 
2. Physical and material characteristics 
- Mass distribution and stiffness and fundamental period of 
vibration of individual components 
- Strength and ductility of individual components 
- Damping and energy absorbtions characteristics of individual 
components. 
3. Connecting system and connections 
- Attachment modes of the equipment system 
- Flexibility or rigidity of connections ("equipment-to-
substructure" and "substructure-to-main structural member") 
- Externally installed damping and shock absorbtion devices. 
4. Interaction effects 
- Interaction effects with other equipment or other systems 
which are parts of an industrial structure 
- Equipment location in terms of relative story or floor level 
5. Loads 
- Dynamic or other loads in addition to earthquake loads acting 
on the equipment system. 
6. Failure modes 
- Most probable failure modes of individual systems and components 
*There are, of 
trial plant. 
less the same 
course, a large variety of equipment systems in any indus-
However, from dynamics point of view, each one has more or 
components given in Fig. 5 and Fig. 6. 
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The earthquake response of equipment and machinery in a building 
environment is very important in connection with the response of the entire 
structure itself. 
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The connecting system and connections and supports are possibly the 
most important factor in the seismic response of equipment systems [6,7]. In 
other words, this response can be drastically modified by a particular 
connecting system and connections. In order to help illustrate this 
phenomena, equipment and their connecting systems are classified with 
respect to their "attachment or connection modes" as shown in Fig. 7a, 7b. 
The dynamic response of equipment located in the ground and directly con-
nected to a foundation is mainly a function of the ground acceleration 
defining the postulated earthquake. Such systems will experience accelera-
tions not much larger than the ground acceleration. Similarly, the equip-
ment directly and rigidly attached to a floor slab will be subjected to 
the same acceleration as the floor slab. However, the equipment response 
corresponding to the equipment with support on several stories or mounted 
on a flexible platform (such as circled in Fig. 2a) with a supporting 
substructure can be very complicated. The coupling effects of equipment 
and structure may be of utmost importance in such cases. 
The dynamic interactions and coupling of equipment systems with the 
main structural system as well as other components of an industrial plant 
should be taken into account in connection with the seismic response of the 
entire structure itself. In general these interactions occur between 
foundation, main structural system, nonstructural, and the equipment systems. 
The later two components participate to some extent in the resistance and 
the dynamic response of the building, even though they are not intended to 
do so during a strong ground motion. Thus, equipment systems are 
subjected at all ttrnes to possibilities of damage and destruction caused by 
unavoidably large deformations of the main structural components to which 
they are attached [ 8]. In other words, depending on the relative story or 
floor level on which the equipment is located, the equipment may be subjected 
to a motion magnified by the building. Approximate dynamic analysis of 
buildings with several floor levels usually indicate larger shears and 
deformations at the base of equipment or appendages on buildings compared 
with that of the equipment mounted on a foundation on the ground [9 ]. 
Sometimes this is called magnification or amplification effect or factor 
due to the b~i~ding housing the equipment. - · 
..... --·-. ------- -~ - --- - - ---- ·- - -· ------- ------- -·· -· --
;Interaction effects become much more significant and critical 
When fairly large and heavy equipment is connected to the main structural 
system by a platform and a supporting substructure. In such a case the 
amplitude of the base motion of the equipment platform differ markedly from 
that of the platform itself. The most severe conditions for the 
equipment system arise when its fundamental period of vibration is very 
close to that of the rest of the structure. In the case of equipment 
system natural frequencies being near or equal to the natural frequencies of 
the building, resonance phenomena may occur and, as a result, amplification 
factors may reach 10 or more [4,~. 
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Even higher magnifications can be expected for the structure lying 
on soft ground as a consequence soil-structure interactions [7,12 ]. 
2.3 Equipment and Machinery Systems as "Secondary" Systems 
Several problems regarding the earthquake dynamic response of 
foundation system, structural system and equipment systems can be consid-
ered symbolically in terms of a dynamic model consisting of a "primary 
5 
system" whose response provides the input to a "secondary system" [ 13, 14, 15]. In 
order to illustrate the point and to get an insight into structure-equip-
ment spstems, one can symbolically represent the structure as a large lumped-
mass M with springs which are connected to the reference plane and the 
relatively small lumped-mass Ms constituting secondary system (equipment) 
which is attached with springs to the primary system (see Figs. 8 and 9). 
One application of this concept is in the analysis of the seismic 
response of the equipment system or systems attached to industrial struc-
tures as shown in Fig. 9a. Another application is in the case of investiga-
tion of soil amplification of the ground motion in layered soils underlying 
an installation as in Fig. 9b. Thus, interaction effects between the 
primary and secondary systems of a "global dynamic system" can be illustrated in 
Fig. 9c. 
If the interaction effects between the primary and secondary systems 
are significant then it is necessary to combine these as subsystems into 
a simple dynamic system which is given as the global dynamic system in 
Fig. 8 and Fig. 9c. 
3. DESIGN ANALYSIS 
3.1 Design Objectives and Design Criteria 
The overall objective in the earthquake resistant design of industrial 
plants, as well as the equipment and machinery occurring therein, must be 
high plant availability and reliability in a seismic environment. However, 
this is a too general design objective. More specific design objectives 
can be realized by considering the primary causes of unavailability (or 
plant shutdown). They are: 
1. building component.(structural, nonstructural) failures 
2. equipment and machinery system failures 
3. indirect failures due to interactions of (1) and (2) 
6 
The fundamental objective then is to design equipment and machinery systems, 
as well as the structures housing them, so that they will not fail as a conse-
quence of a seismic disturbance [ 16,17, 18, 19]. What constitutes "failure", however, 
is a complicated matter for whose determination no clear cut guidelines 
exist; particularly with respect to equipment systems and their connections. 
If the costs were not a matter of consideration, the design objectives 
could be relatively easily achieved by overdesigning. However unlimited re-
sources are not available. Therefore, the costs involved, the consequences 
of failure and damage, the earthquake risk, the risk to the public welfare 
and human lives and environment have to be carefully balanced against each 
other [20]. 
After establishing the appropriate design objectives, it is then 
necessary to develop the proper design criteria in order to attain these 
objectives. Seismic design criteria for industrial installations must be 
app1icable to the design of a vast variety of structures and equipment and 
must reflect the needs of several engineering disciplines, such as 
structural, mechanical, and electrical [17,18]. 
3.2 Classification of Industrial Installations and Equipment for Seismic 
Design 
Concerned professional societies and design engineers are becoming 
increasingly aware of the fact that "practical" earthquake resistant 
design of an industrial installation, including its equipment and machinery, 
is likely to be achieved at different levels with reasonable accuracy and 
safety if classification of industrial structures as well as the equipment, 
in terms of performance 'objectives, was clearly defined. The major 
factors and considerations forming the basis for such a classification are: 
potential for major loss of life in the event of failure 
- potential for environmental degradation in the event of failure 
economic loss due to down production time and/or repair-
replacement costs 
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Earthquake classification of industrial structures and equipment are 
discussed in Refs. 16, 17, 18 and 19. As pointed out earlier, excluding 
Ref. 19, there are no currently available industry-wide common standards for 
the classification of non-nuclear industrial facilities and their equipment. 
3.3 Seismic Analysis 
The main problem to be considered in the seismic dynamic analysis of equip-
ment and machinery systems, their supports and connections subjected to 
seismic excitation and shock is mainly the "interaction" of several elements 
in a dynamic environment. Consequently, the most general problem is the 
three dimensional problem of the "Soil/Foundation + Structure + Equipment" 
interactions. This simply implies that the previously defined "Global 
Dynamic System" including equipment systems has to be solved using earth-
quake ground motion as "primary" and "secondary" systems as the input 
function. However, a three dimensional seismic dynamic investigation of 
the entire "Global Dynamic System" in an earthquake environment poses signi-
ficant analytical and computational difficulties [5,21]. 
The earthquake dynamic response of an industrial plant with its complex 
equipment and machinery is a complicated phenomena. Therefore, it may be 
desirable for the seismic analysis purposes to subdivide the mathematical 
model or equivalent "global dynamic system" into two or more sybsystems. 
These are mainly supporting and supported subsystems. One of these syb-
systems must reprezent the main structural system which supports the equip-
ment. The main structural system is then defined as the "primary system". 
The other sybsystems are equipment systems defined as the "secondary systems" 
supported by the structural system. 
Since the main interest here is the response of the local equipment 
system, then the seismic analysis of an industrial installation has to be 
considered in terms of the following: 
1. Equivalent global dynamic system analysis 
2. Equivalent local dynamic system analysis 
Separation of the global dynamic system into subsystems requires considera-
tion of the dynamic coupling and interaction effects [13,14,15]. Therefore, 
both global analysis and local analysis have to be based on the coupled and 
uncoupled structural system, equipment systems and components. Depending 
on the significance of the coupling effects several analytical models of the 
local dynamic system corresponding to the equipment system of Fig. 2a and 
Fig. 5 are represented in Fig. 10 and 11. 
The earthquake resistant design of equipment systems in connection with 
the nuclear power plants are given in Refs. 5,13,14,21,22,23. 
' 
The aseismic design process of the equipment and machinery systems 
and their connections and support has to proceed in the following order 
and steps: 
I. Earthquake input motion (design seismic inputs) 
1. Description of earthquake hazard and "design earthquake" 
8 
2. Representation of the ground motion (horizontal and vertical) 
II. Global dynamic system analysis 
1. Primary system and secondary systems analysis 
2. Examination and description of motion at the secondary 
system supports and connection points 
3. Generation and description of motion at the local dynamic 
system supports and connections 
III. Local dynamic system analysis 
IV. Verification of the above analysis for the equ~pment systems 
by the available equipment systems testing and qualification 
A detailed discussion of item I or the design seismic inputs (i.e. ground 
acceleration time history, ground response spectrum) are given in Ref. 24. 
For convenience;- seismic analyses are frequently performed by considering 
horizontal and vertical components of the earthquake motion as separate 
inputs. The most adverse conditions may result from these components acting 
alone or from some combination of components acting simultaneously. 
For item II (and also for III), assuming that the dynamical model is a 
discrete mass system, the following system of equations in matrix form has 
to be considered: 
.. . 
[M] [X} + [C] [X] + [K] [X} = [F(t)} (1) 
where [M], [C], [K] =the mass, damping and stiffness matrices 
. .. [X}, {X}·, [X) = displacement, velocity and acceleration vectors 
[F(t)} = forcing function vector for the model. 
The seismic analysis of.the global system which include the primary 
and secondary systems must furnish the input information for the local 
system or the secondary system (i.e. equipment) which is supported by part of 
the primary system. This requires the solution of the equations in (1). 
For this purpose the available methods are.direct numerical integration, 
step-by-step integration, time-history model analysis. These methods 
can also be used for the item II or for the secondary (or equipment) 
system (For details see Refs. 5,7,11,13,14,20,21,22,23.) 
If the secondary system representing the equipment system is not 
dynamically coupled with the primary system, then there are simplified 
methods to calculate the equipment response. These are response spectrum 
method, amplification factor method, static equivalent force method (or 
code method). These methods are discussed in detail in Refs. 5,7,10,11,14, 
22,23,25,26,27. 
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If the secondary systems (or the equipment system) that have multiple 
attachment points to the supporting primary system, then the problem· 
becomes more complicated. Two types of dynamic response must be considered 
in the analysis of the secondary system and for that matter for the local 
dynamic system. The first response is the initial response, which will be_ 
determined by the dynamic analysis of the supported system which is the 
secondary system. The second response results from relative displacements 
between support or 'attachment points. This response may or may not be 
determined by the dynamic analysis of the supported system. These displace-
ment effects will be determined by the dynamic analysis only when the 
appropriate time-history for~ing function at each support point is used in 
the analysis. 
The seismic analysis of equipment systems with multiple supports and 
multiple input motions is outlined in Ref. 22. The static equivalent force 
method is outlined in Ref. 28. 
Item IV, verification tests for the equipment to withstand seismic 
_____ fo.r_ce~_jntr_oduced. l;ly_ t@_sup_por_ting .m~d_ium, __ is emploY-ed when _the theoreti~- _ 
cal analysis is extremely difficult, such as in the case of small mechani-
cal and electrical equipment [29,30]. 
In any engineering design, analysis must be combined with good engi-
neering judgement to achieve efficient and economical design. Recent surveys 
conducted in the aftermath of the 1964 Alaska earthquake and San Fernando 
earthquake indicate the importance of certain items in the earthquake 
resistant design of the equipment system. These are items are outlined in 
Ref. 31. 
3.4 Current Codes and Standards for Seismic Design of Equipment Systems 
Practical and effective criteria for seismic resistant design 
of industrial installations and the equipment housed in them must be 
applicable to the design of a vast variety of structures and their complex 
and expensive equipment systems. Therefore such criteria must reflect 
the needs and special requirements of several engineering disciplines and 
specialties which are involved in their design, manufacture and construc-
tion, operation and maintenance (28,33]. 
For obvious reasons, the development of earthquake design criteria, 
guides and provisions for nuclear power plants has been a national and 
international concern for a long time. Consequently, these criteria are 
now fairly well established and have been used in practice quite a while [20, 34]. 
However, the development of comparable seismic design criteria, guides and 
procedures for fossil-fuel power plants and other types of installations in 
earthquake areas has been extremely slow. No currently established and 
agreed upon common standards and procedures by the industry and profes-
sionals are available for industrial installations [28]. 
.. 
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All the current codes, standards and specifications 
more or less related to the design of equipment systems and industrial 
facilities do not have any common and consistent design philosophy[l7,18]. The 
most important of those are given in Table 1. The information and guidance 
available in these documents are extremely limited in scope and cover only 
fairly light and s~ple equipment. In some cases, they are rather confusing 
and misleading than helpful to designers and engineers in industry [28]. 
These criteria based on so-called "equivalent static load" or simplified 
"amplification factor" concept more or less ignore the equipment 
connecting system and support conditions. Thus, they completely neglect the 
possible interaction and coupling effects between the heavier equipment 
and the structural system under earthquake conditions. 
Another problem is that there is no clear cut definition or division 
of responsibilities between structural and other system designers for an 
efficient overall aseismic design of industrial installations [28]. There-
fore, there is an urgent need for the development and establishment of 
design analysis, design standards and procedures for the choice of signi-
ficant design parameters and methods for the industrial equipment systems 
[ 32' 35]. 
4. CONCLUSIONS AND RECOMMENDATIONS 
The many types of equipment and machinery occurring in industrial 
installations represent the major portion of their monetary value. However, 
in the past relatively little attention has been paid to the appropriate 
seismic analysis of this equipment and supporting structures. 
The seismic methods and procedures for the analysis of the "global" 
and "local" dynamic systems presented here provide an extremely general 
discussion of the earthquake resistant design of the equipment systems in 
industrial installations. 
A proper seismic analysis of an industrial unit should take under 
consideration the various dynamical subsystems, including equipment and 
machinery systems, which comprise the overall system, and the interactions 
occurring therein during a seismic disturbance. Unfortunately, rarely is 
this approach utilized in current industry practice. 
At present, industrial installations conform to local codes and ordinances 
which are not intended to provide seismic design criteria for specialized 
equipment and structures. Standard building code practice should be 
reserved for standard buildings. The seismic design recommendations 
prescribed therein are often not applicable to the specialized equipment 
and structures occurring in industrial installations. 
It is extremely important to make the designers of several systems and 
subsystems in an industrial installation to be aware of the seismic inter-
actions between their subsystems and those of others. Only in this way a 
consistent and effective design criteria for a particular installation could 
be established • 
4L4.J 
Many of the guides and standards of the Nuclear Regulatory Commission 
can provide valuable information and assistance in perpetrating this task. 
Ideally, however, seismic design criteria in the form of a standard or 
specification to meet the special needs of the various types of industrial 
installations should be developed by the industries concerned. 
11 
Such a specification, at least, should contain guidelines for selecting 
a seismic hazard, classifying the various types of equipment and machinery 
into appropriate seismic design groups, and a rational method for assessing 
seismic forces to the equipment and their supporting structures. 
424.3 
·I 
' 
5 • REFERENCES 
1. Committee on Earthquake Engineering Research (National Academy of 
Engineering) 
EARTHQUAKE ENGINEERING RESEARCH, National Academy of Sciences, 
Washington, D. C., 1969. 
2. U. S. Bureau of Standards 
ENGINEERING ASPECTS OF 1971 SAN FERNANDO EARTHQUAKE, Building 
Science Series 40, U. S. Dept. of Commerce, Washington, D. C., 
1971. 
3. National Academy of Science 
THE GREAT ALASKA EARTHQUAKE OF 1964, National Academy of Sciences, 
washington, D. C., 1973. 
4. Merz, K. L. 
EARTHQUAKE DYNAMIC ENVIRONMENT WITHIN BUILDINGS, Proceedings of 
the International Conference_on Earthquake Structural Engineer-
ing, St. Louis, MO, August, 1976, pp. 795-808. 
5. Bergstrom, R. N., Chu, S. L. and Small, R. J. 
SEISMIC ANALYSIS OF NUCLEAR POWER PLANT STRUCTURES, Journal of 
the Power Divison, ASCE, Vol. 97, No. P02, March, 1971. 
6. Hadjian, A. H. 
EARTHQUAKE FORCES ON EQUIPMENT IN NUCLEAR POWER PLANTS, Journal 
of the Power Division, ASCE, Vol. 97, No. P03, July, 1971. 
7. Biggs, J. M. and Roesset, J. M. 
12 
SEISMIC ANALYSIS OF EQUIPMENT MOUNTED ON MASSIVE STRUCTURE, Seminar 
Seismic Design for Nuclear Power Plants (Ed. by R. J. Hansen), M.I.T., 
Cambridge, MA, March, 1969, pp. 319-345. 
8. Ayres, J. M., Sun, T. Y. and Brown, F. R. 
NONSTRUCTURAL DAMAGE TO BUILDINGS, THE GREAT ALASKA EARTHQUAKE OF 
1964, National Academy of Sciences, Washington, D. c., 1973, p.364-455. 
9. Newmark, N. M. and Rosenblueth, E. 
FUNDAMENTALS OF EARTHQUAKE ENGINEERING, Prentice-Hall, Inc., Engle-
wood Cliffs, NJ, 1971, 488p. 
10. Liu, s-c., Fagel, L. W. and Dougherty, M. R. 
EARTHQUAKE-INDUCED IN-BUILDING MOTION CRITERIA, Journal of the Struc-
tural Division, Proc., ASCE, Vol. 103, No. STl, January, 1977, pp. 
133-152. 
11. Newmark, N. M. and Hall, W. J. 
SEISMIC DESIGN CRITERIA FOR NUCLEAR FACILITIES, Proceedings, Fourth 
World Con£. on Earthquake Engineering, 1969, pp. 1414-1427. 
, ... 
424.3 
.f 
1 
12. Finn, W. D. L. 
SOIL-STRUCTURE INTERACTIONS DURING EARTHQUAKES, Proceedings of the 
14th Annual Meeting of the Society of Engineering Sciences, Lehigh 
Univ., Bethlehem, PA, November, 1977. 
13. Lange, D. F. 
SEISMIC DESIGN CRITERIA FOR NUCLEAR POWER PlANTS (SEISMIC METHODS 
AND PROCEDURES), ASME Symposium on Seismic Analysis of Pressure 
Vessel and Piping Components, San Francisco, CA, May, 1971, pp. 
30-41. 
14. Amin, M. et al. 
EARTHQUAKE RESPONSE OF MULTIPlE CONNECTED LIGHT SECONDARY SYSTEMS 
BY SPECTRUM METHOD, ASME Symposium on Seismic Analysis of Pressure 
Vessels and Components, San Francisco, CA, May, 1971, pp. 103-129. 
15. Sato, H. et al. 
ON A SIMPlE METHOD ESTIMATING THE APPENDED SYSTEM RESPONSE SPECTRUM 
FROM STATICALLY SIMULATED SPECTRUM, Proceedings of the Sixth World 
Conference on Earthquake Eng,ineering, Vol. 12, New Delhi, India, 
1977, pp. (12-07) - (12-18). 
16. Newmark, N. M. 
13 
SEISMIC DESIGN CRITERIA FOR STRUCTURES AND FACILITIES OF TRANS-
ALASKA PIPELINE SYSTEM, Proceedings of U. S. National Conf. on 
Earthquake Engineering, Vol. 1, Ann Arbor, MI, June, 1975, pp.94-103. 
17. Hall, W. J. and Newmark, N. M. 
SEISMIC DESIGN CRITERIA FOR PIPELINES AND FACILITIES, ASCE Conf. on 
Lifeline Earthquake Engineering (Current State of Knowledge), Los 
Angeles, CA, August 30-31, 1977, pp. 18-34. 
18. Anderson, T. L. and Nyman, D. J. 
LIFELINE EARTHQUAKE ENGINEERING FOR TRANS AlASKA PIPELINE SYSTEM, 
ASCE Conf. on Lifeline Earthquake Engineering (Current State of 
Knowledge), Los Angeles, CA, August 30-31, 1977, pp. 35-49. 
19. Directorate of Standards, USAEC 
SEISMIC DESIGN CLASSIFICATION - - REGULATORY GUIDE 1.29, Revision 1, 
USAEC, Washington, D. c., 1973. 
20. Liu, s-c., Dougherty, M. R. and Neghabat, F. 
OPTIMAL ASEISMIC DESIGN OF BUILDING AND EQU!PMENT, Journal of the 
Engineering Mechanics Division, Proc., ASCE, Vol. 102, No. EM3, 
June, 1976, pp. 395-413. 
21. Newmark, N. M. and Hall, W. J. 
SEISMIC ANALYSIS - INTRODUCTION, ASME Symposium on Seismic Analysis 
of Pressure Vessels and Components, San Francisco, CA, May, 1971, 
pp. 1408-1413. 
424.3 
·I 
22. Shaw, D. E. 
SEISMIC STRUCTURAL RESPONSE ANALYSIS FOR MULTIPLE SUPPORT EXCITA-
TION, Proceedings of the Third World Conf. on Structural Mechanics 
and ~eactor Technology, Vol. 4, part K, London, September, 1975. 
23. Stoykovich, M. 
DEVELOPMENT AND USE OF SEISMIC IN-STRUCTURE RESPONSE SPECTRA IN 
NUCLEAR PLANTS, Proceedings of the Third World Conf. on Structural 
Mechanics and Reactor Technology, Vol. 4, part K, London, Septem-
ber, 1975. 
24. Cornell, C. A. 
DESIGN SEISMIC INPUTS, ASME Symposium on the Seismic Analysis of 
Pressure Vessels and Piping Components, San Francisco, CA, May, 
1971, pp. 1478-1492. 
25. Peters, K. A. et al. 
14 
DETERMINATION OF FLOOR RESPONSE SPECTRA ON THE BASIS OF THE RESPONSE 
SPECTRUM METHOD, Nuclear Engineering and Design, Vol. 44, No. 2, 1977. 
26. Penzien, J. and Chopra, A. K. 
EARTHQUAKE RESPONSE OF APPENDAGE ON A MULTI-STORY BUILDING, Proceed-
ings, Third World Conf. on Earthquake Engineering, Vol. II, New 
Zealand, 1965. 
27. Vanmarcke, E. H. 
A SIMPLE PROCEDURE FOR PREDICTING AMPLIFIED RESPONSE SPECTRA AND 
EQUIPMENT RESPONSE, Proceedings, Sixth World Conf. on Earthquake 
Engineer :ing., Vol. 12, New Delhi, India, January, 1977. 
28. Jordan, C. H. 
SEISMIC RESTRAINT OF EQUIPMENT IN BUILDINGS, Journal of the Struc-
tural Division, Proc., ASCE, Vol. 104, No. ST5, May, 1978, pp. 829-839. 
29. Fischer, E. G. 
SEISMIC QUALIFICATION OF SYSTEMS, STRUCTURES, EQUIPMENT AND COMPONENTS, 
Nuclear Engineering and Design, Vol. 46, 1978, pp. 151-167. 
30. Shibata, H. 
PROVING TEST OF EARTHQUAKE RESISTANT PIPING, EQUIPMENT AND ACTIVE 
COMPONENTS, Nuclear Engineering and Design, Vol. 46, 1978, pp. 169-
178. 
31. Ayres, J. M. and Sun, T. Y. 
NONSTRUCTURAL DAMAGE, CALIFORNIA EARTHQUAKE OF FEBRUARY 9, 1971, U. S. 
Department of Commerce, Washington, D. C., 1973. · 
424.3 
·I 15 
32. Goldberg, A. and Sharpe, R. L. 
PROVISIONS FOR SEISMIC DESIGN OF NON-STRUCTURAL BUILDING COMPONENTS, 
Proceedings of the Sixth World Con£. on Earthquake Engineering, 
Vol. 12, New Delhi, India, 1977. 
33. Zsutty, T. C., Shah, H. C., Teran, J. F. and Padilla, L. 
THE PURPOSE AND EFFECTS OF EARTHQUAKE CODES, Proceedings, Central 
American Con£. on Earthquake Engineering, San Salvador, El Salvador, 
January, 1978, pp. 637-642. 
34. Mehta, D. S. and Meyers, B. L. 
APPLICATION OF STRUCTURAL, MECHANICAL AND ElECTRICAL CODES AND 
STANDARDS IN THE DESIGN OF SAFETY RElATED STRUCTURES, COMPONENTS 
AND SYSTEMS FOR NUClEAR POWER PlANTS, Proceedings, International 
Symposium on Earthquake Structural Engineering, St. Louis, MO, 
August, 1976. 
35. Sharpe, R. L. 
CIVIL, MECHANICAL, AND ElECTRICAL ASPECTS OF SEISMIC DESIGN OF 
NUClEAR POWER PLANTS, ASME, !EEE, ASCE Joint Power Generation Con£., 
Boston, MA, Septembe~ 1972. 
424.3 
6. FIGURES AND TABLES 
0 
.I 
4 
16 
I 
UTILITIES EQUIPMENT 
SYSTEMS (Life lines) 
~-
__ ,..,.. ______ l ______ ""' __ ...,""ii 
: .w ater storage, I treatment and 1 
I 
I 
I .S 
I. T 
I 
I .C 
I 
.E 
.E 
.E 
distribution I I 
ewage collection, treatment: 
ransportation I 
ommunication (Teleph., TV- I I Radio) I 
nergy Generation (Fossil 
fuel) 
nergy Generation (Gas) 
nergy Distribution and 
Transmission 
,.Energy Generation (Nuclear) 1 
L---- - ---- -- -- ;.._-...;- --1 
------------ Main interest areas 
EQUIP. and MACH. 
SYSTEMS 
(w. r. t. their Location) 
INDUSTRIAL EQUIPMENT 
SYSTEMS 
.Oil Refineries 
.Chemical Plants 
.Heavy Industrial Plants 
.Manufacturing Plants 
.Data Processing Facilities 
.Heavy Testing Facilities 
.Warehouse and Storage 
Facilities 
.Mining Faciliti~s (above 
ground) 
------------ Secondary interest areas 
I 
SERVICE EQUIPMENT 
SYSTEMS 
I 
.Residential Buildings 
.Commercial Offices 
.Hospitals 
.Public Buildings 
.Merchantile Buildings 
Fig. 1 Equipment and Machinery Systems w.r.t. Facilities in which 
they are Located 
Main Structural System I 
I 
I 
I I . 
Non- Structural System ~ ~ 1 
(cladding, window syst. etc.) ·· ~ 
PI 
'I 
I ' 
I 
. . . 
--.: 
. : . 
-- -....... , 
... 
Equipment or Machinery 
Connections and Connecting 
Substructure 
Member 
. ::· 
Equipment and Machinery 
Soil- Foundation .Syst~m . 
: . . . . 
.. :.: ·: 
Fig. 2a Industrial Installation--Equipment and Machinery Attached 
to the Structure 
.p. 
N 
.p. 
. 
...... 
00 
Equipment 
Nonstructural Elements 
Supporting Substructure (or main structural system) 
//A~/7 
Soil-Ground 
Fig. 2b Industrial Installation--Equipment and Machinery on the Ground 
424.3 
: . . : 
Main Structure I 
System 
Non - Structural 
Systems 
... : ... : .. -.·.· 
Foundatt,9n 
·· Syster.ra ·.: ... :.:::.:. 
or 
Installation 
<Building J 
.......... ------~-._ _____ __;_ _ 
·I 
Soi I -: Ground 
System 
Machinery 
or 
Equipment 
and 
Connecting 
Systems 
Fig. 3 Systems Representation of an Industrial Plant 
------------~ . ·- -. -···· --
20 
1 
SOIL-INDUSTRIAL PLANT 
DYNAMIC SYSTEM 
(Main Components) 
l 
SOIL-GROUND SYSTEM NONSTRUCTURAL SYSTEM(S) FOUNDATION SYSTEM 
MAIN STRUCTURAL SYSTEM 
/SUPPORTING SUBSTRUCTURE 
EQUIPMENT AND 
MACHINERY SYSTEM(S) 
.Chemical Processing Equipment 
.Metal Fabrication Equipment 
.Power Generation Equipment 
.Heat Generation Equipment 
.Power Transmission Equipment 
.Material Transport Equipment 
.etc. 
Fig. 4 Main Subsystems of Soil-Industrial Plant Dynamic System (GLOBAL DYNAMIC SYSTEM) 
424.3 
Supporting or 
Connecting ~ 
Sub- structure ~ 
' - . 
... ..... 
·I - 22 
Equipment or Machinery 
Connections 
Foundation or 
· Structural 
.·Member· 
~----·-----·-L•- ----~- ••·---· •----------------~-~--~---··----------- ··-- -· ·-----""-----·-------·-•-
Fig. 5 A Typical Configuration of an Equipment and Machinery Dynamic 
System (LOCAL DYNAMIC SYSTEM) 
. -~-·-.~~~--------------- --- ----------------~-~--- ·----- ---
I I 
I 
EQUIPMENT AND MACHINERY I 
I 
I 
: 
EQUI~MENT AND MACHINERY 
DYNAMIC SYSTEM 
(Basic Components) 
CONNECTIONS/CONNECTING 
ELEMENTS 
• Connection Fixtures 
(anchors, bolts, rivets, 
fasteners) 
• Base Frame 
Connections (equipment-to-
substructure) 
• Shock Absorbers 
• Damping 
---------I I 
*FOUNDATION/ 
MAIN STRUCTURE/ 
STRUCTURAL MEMBER 
* Structural Member or 
Main Structure 
* Foundation/Footing 
* Soil and Ground 
-.., 
I 
I 
I 
I 
I 
I 
I 
I 
l 
I 
l 
I 
I 
I 
I 
I 
I 
CONSTRAINED LIQUID 
(or Granular Material) 
Elementrs~------~·~'-----------, 
CONNECTING OR 
SUPPORTING SUBSTRUCTURE 
INTERACTING 
EQUIPMENT/MACHINERY 
• Platform or Pedestal 
• Supporting Frame 
• Connections (equipment-to-main structure) 
I 
Fig. 6 Basic Components of Equipment and Machinery Dynamic System (LOCAL D~NAMIC SYSTEM) 
Equip. or Mach. 
Attached to 
Main Structure 
EQUIP. and MACH. 
Attachment or 
Connection Modes 
Equip. or Mach. 
under the Ground 
I 
. 
Equip. or Mach. 
on the Ground 
I -·~·-·· 
f l I I I 
..-----.&....-----, ,..-----''------, ---.......&----,,-------'---__, r-----1-----.,r--, ----J----.. 
Equip. or Mach. Equip. or Mach. Equip. or Mach. Equip. or Mach. Equip. or Mach. , Special Equip. 
directly with Supporting with Hanging extending extending (Piping) 
attached to Substructure Substructure through several through several 
Structural stories frames 
Member 
Fig. 7a Classification of Equipment and Machinery Attachment or 
Connection Modes 
~everal Equip. or Mach 
Equip. or Mach. 
on the Ground 
Attached to a ~----------------------------~ 
Common Found. Mat 
l I 
Equip. or Mach. Equip. or Mach. 
not with Suppprting 
Equip. or Mach. 
interconnected 
interconnected Substructure 
Equip. or Mach 
extending 
through several 
stories of I 
supporting 
substructure 
Equip. or Mach. 
with Supporting 
Substructure 
Equip. or Mach. 
Attached to an 
Independent Found. 
Equip. or Mach. 
directly 
attached to 
Foundation 
Fig. 7b Classification of Equipment and Machinery Attachment or 
Connection Modes 
t 
Very large, 
tower-like 
process 
equipment 
z 
p 
k n+ j+ 1 , n+ j+ 2 
p 
Mn+j+l 
p 
kn+j ,n+j+l 
0 
D 
MASS AND STIFFNESS 
Primary System 
(i.e. structural system) 
Secondary Systems 
(i.e. equipment system) 
p 
M +" n J 
~ Soil-Foundation 
p m Primary System 
s = Secondary System 
k = stiffness 
f = soil-foundation 
Fig. 8 Equivalent "GLOBAL DYNAMIC MODEL" for an Industrial Installation 
(Soil/Foundation + Structure + Equipment) 
EARTHQUAKE INPUT MOTION 
. - ------- -------~" 
{a) 
Equipment--Attached to Structure ~ Equipment--on Ground 
----,;L- v e ( t) 
~xz(t) 
z 
......yt- v (t) 
e 
X 
(b) ' 
SECONDARY SYSTEM (Equipment) 
{c) 
vs(t) ""'v (t) 
e 
X (t) ""' X (t) 
support Z 
PRIMARY SYSTEM (structure + foundation + soil/ground) 
~X(t) g . 
Fig. 9 Primary and Secondary Systems 
424.3 
z 
X 
z 
X 
·I 
M!=M +M +Mlt e m p a 
~ 
'). INPUT MOTION 
~---· M (Equipment) 
e 
M (Machinery) 
m 
28 
M (rigid platform) plat 
1- t -1 ~ 
} INPUT MOTION 
Fig· 10 Equivalent -"LOCAL DYNAMIC MODEL" for Equipment (Equipment only) 
• 424.3 
z 
L 
X 
z 
L 
,. X 
·I 29 
{
M!=M +M +Mlt e m p a 
Secondary System 
• 
Primary System 
1 ... t -1 
~~~------------~L~----------~~~/7/ ,~ A 
L 
I _ _,,L.._ 
\ • r MULTISUPPORT 
,.J 
.,_,. INPUT MOTION 
t 
M (Equipment) 
e 
(Machinery) 
Mplat (Rigid Platform) 
Primary System 
Fig. 11 Equivalent "LOCAL DYNAMIC MODEL" for Equipment (Equipment+ 
Structural Member) 
Secondar 
System 
424.3 
·I 30 
Table 1 Codes and Standards 
Miscellaneous Codes 
Model Building Codes Industry Standards and Standards 
UNIFORM ANSI A58.1-1972 SEAOC 
BASIC ANSI B96.1-1973 A7C-3 
NATIONAL ANSI Al7.1-1971 TCl Service Manual 
STANDARD AISE No. 13 SMACNA 
API 620 
API 650 
ACI 318-77 
AWWA DlOO 
ASME B&PV 
